Introduction
Today, with the exhaustion of the world stock of oil, energy demand ever increasing, and the fear of increasingly alarming pollution, renewable energy sources (solar, wind etc.) are seen as ideal, clean, and inexhaustible sources of energy (Impacts et al., 2007; Sahin, 2004) .
In the event that the increase in energy consumption could be offset by wind energy (clean energy), mastery of this energy is essential. The electrical energy from wind power is produced by the kinetic energy of the wind. Wind parameters vary in time and space (Sahin, 2004) . Therefore, the study of the characterization of the wind distribution for different sites should be considered when installing wind energy conversion systems (Burton et al., 2001) , (Ajavon et al., 2015) , (Lu et al., 2002) . So if conversion systems were well adapted to the site, an assessment of the wind potential and a prediction of the power produced would be made with reasonable accuracy on the site (Tong, 2010) .
Several studies have shown that the Weibull distribution function is better suited to characterize the distribution of the wind on a site (Sahin, 2004; Kaldellis and Zafirakis, 2011; Manwell et al., 2002; Akdag and Dinler, 2009; Ahmed, 2013) . A recent study on the site of Lomé (Togo) confirmed that the hybrid Weibull distribution function is recommended for a better fit of the distribution of wind speeds at the site where the frequency of calm winds is important (Salami et al., 2013) .
In this work, the distributions of wind speeds are characterized, the optimal choice of turbines is determined, and the production of electrical energy of the three sites in the Gulf of Guinea (Lomé, Togo, Accra in Ghana and Cotonou in Benin) is evaluated. Also, changes Citation: Salami, A.A., Ajavon, A.S.A , Kodjo, M.K. and Bédja, K. (2016) Evaluation of Wind Potential for an Optimum Choice of Wind Turbine Generator on the Sites of Lomé, Accra, and Cotonou Located in the Gulf of Guinea. Int. Journal of Renewable Energy Development, 5(3), 211-223, doi : 10.14710/ijred.5.3.211-223 P a g e | 212
© IJRED -ISSN: 2252-4940, October 15 th 2016, All rights reserved in statistical parameters of the series of wind speeds and variations of recoverable and produced energy are analyzed for each month. For an accurate wind energy assessment, we have developed a software tool named PotEol to determine the characteristics of the wind, assess the wind potential, and make optimal parameters choice of a wind turbine.
Data source
Wind data series on the three sites involved in this study were obtained through meteorological databases of the University of Wyoming (Department of Atmospheric Science)('http://Wheather.uwyo.edu/surface/meteogra m/', n.d.).
The data were recorded daily by one-hour interval (this is the average over the 10 minutes before the hour) at a height of 10 m above the ground. For this study we are particularly interested the wind speed and time of recording. The data cover the period from January 2000 to October 2012 for Lomé, Togo (where the measuring point is located at 6.17N, 1.25E, 25 meters) and from January 2000 to December 2012 for Accra, Ghana (where the measurement point is located at 5.60N 0.17W, 69 meters) and Cotonou, Benin (where the measuring point is located at 6.35N 2.38E, 9 meters). The geographical location of the three (03) sites is presented in Figure 1 .
The application of statistical methods on the data collected allowed us to model the distribution of wind speeds, to assess wind energy potential, and to make an optimum choice of wind turbines parameters suitable for each site. 
Methods
In this section, we briefly introduce the hybrid Weibull function used to characterize the distribution of wind speeds, the methods used for the assessment of wind energy potential and the optimal choice of a wind turbine parameters on the three sites studied.
Weibull Hybrid distribution
The expression of the Hybrid Weibull function is given by Equation (1).
where:
F represents the frequency of calm winds, which is determined from the wind data.
In this work, the values of K parameters (shape parameter) and C (scale parameter [m/s]) of the distribution was determined by the least squares method (Sahin, 2004; Celik, 2004; WD, 1996; Bagiorgas et al., 2011; Rocha et al., 2012) .
The average speed moy V following the Weibull hybrid function is given by Equation (2)
  is the gamma function.
Wind potential
The wind potential of a site is defined as the extractible energy during a given period of operation of Int. Journal of Renewable Energy Development 5 (3) 2016: 211-223 P a g e | 213
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The assessment of wind energy potential must take into account the operating height of the wind turbine used. Generally, the wind speed is measured at a height of 10 meters above the ground (Z0). To determine the characteristics of the distribution of wind speeds at heights above 10 m above ground, extrapolation of the parameters K and C of the hybrid Weibull distribution is evaluated using the method of Justus (Justus and Mikhail, 1976; Justus et al., 1978) . Thus, if C1 and K1 are the hybrid Weibull parameters, respectively scale and shape parameters at a height Z1, then these parameters at a height Z2 would be obtained from Equations (3) and (5). 
Since the kinetic energy of the wind is converted into mechanical energy, the available energy undergoes losses in cascades, until the output energy is released at end the conversion machine (Betz limit, machine thresholds, and conversion losses) (Sahin, 2004) .
The average kinetic energy available on a site, per unit time and unit area is expressed by the Equation (6):
  is the density of air (kg m-3),  V is the wind speed, and
is the distribution function of hybrid Weibull (Equation (1)).
The speed of the wind at the downstream of the wheel being never zero, it is assumed that the wind power is not completely recovered at the propeller. Only a portion of the available average power density is recovered. It is expressed by the Equation (7) (Lu et al., 2002) . According to Betz, the theoretical maximum aerodynamic power coefficient of the machine p max C is equal to 16 / 27 or 59.26%. To reach such numbers is extremely difficult. Aerodynamic power coefficients of the best machines today barely reach 50.00% (Sahin, 2004) .
Optimal choice of the parameters of a wind turbine
The variation in power supplied to a load given by a wind turbine provided with a speed regulating device as a function of wind speed, is shown in Figure 2 . As presented in Figure 2 , m V is the speed beyond which the wind turbine has to be stopped to prevent damage; i V is the starting speed for which the turbine provides energy; and r V is the rated speed of the wind turbine. Beyond the rated speed r V , the control system maintains the power constant and equal to the nominal power.
This curve allows the deduction of the following expressions (Equation (8)) of the power P:
This power is simple expression except in the interval   ir V , V . In this interval, the expression of the power can be approximated by a polynomial of degree n .
Knowing the distribution function of wind speeds f (V) and the wind turbine's power curve on the site, the (Salami et al., 2013; Al Zohbi et al., 2015) .
where the expression of the power 1 P (V) can be approximated by Equation (10).
with:
 K is the form factor of hybrid Weibull distribution.
Replacing f (V) from Equation (9) by its full expression, we get the wind load factor on the site by Equation (13).
with the rated power of the wind turbine as expressed by Equation (14). Thus, the problem of choosing the parameters of a wind turbine on a site can be formulated as an optimization problem according to the Equation (15).
where:  r V and î V represent the estimated nominal and optimum start speeds of the wind turbine,  m is a positive real number. Figure 3 shows that an optimal choice of wind turbines parameters on a site is to utilize the maxima of the average power curves produced by the wind turbines on this site. For example, in this figure a wind turbine with a rated speed as twice as its starting speed ( ri V 2V  ) would produce a maximum average power at the site where the average wind speed of this site is half of the rated speed of the wind turbine. 
Data processing
The determination of the parameters of the distribution function of wind speeds, the optimal choice of turbines and the evaluation of the potential for a wind farm given by the methods mentioned previously in this work requires the use of a computer tool for significant time savings, accurate and reliable results. To do so, we have developed a computer application called PotEol (acronym of "Potentiel Eolien") that will help us process the wind data. The computer application PotEol is developed using Scilab to perform the wind data processing. In this article we will discuss only the results provided by this computer application.
PotEol has a graphical interface that allows the user to interact with the application. The main chart of the application PotEol is shown in Figure 4 . The software accesses the database of a given site, distributes wind Int. Journal of Renewable Energy Development 5 (3) 2016: 211-223 P a g e | 215
© IJRED -ISSN: 2252-4940, October 15 th 2016, All rights reserved speed data following the month, calculates power densities available (using equation (6)) and recoverable (Betz limit) (using equation (7)) and evaluates the wind farm generation on the given site. The application PotEol provides the wind speed histogram and its fitting Weibull curve; the hybrid Weibull parameters and other statistical parameters are sought. The results are given numerically (data tables) and graphically (curves and histograms).
Fig. 4 Main Organization Chart of PotEol
PotEol has a database with a non-exhaustive list of commercial wind turbines. A commercial wind turbine is designated on the main window PotEol as a wind turbine that the user can choose to simulate the production of electricity on the wind site. Each commercial wind turbine is characterized by its rated power, rated speed, and the length of its blades, its starting speed, maximum speed and power curve.
Furthermore, the use of this application allows the user to characterize the distribution of wind speeds, assess the wind potential available from meteorological data for a given site. In addition, the application could determine the optimal wind turbine parameters suitable for optimal production of electrical energy from wind on the site according to relation (15). Thus, the optimal parameters obtained can be retrieved by the user from the main window PotEol for a wind turbine to simulate the production of electricity on a wind farm optimally.
For the remainder of this work, the application PotEol was used to calculate statistical parameters, model the distribution of wind speeds, select optimal parameters of wind turbines, and assess the wind energy potential monthly and annually for the three sites (Lomé, Accra, and Cotonou).
Results and Discussion
PotEol was applied and based on weather data of the sites Lomé site, Accra site, and Cotonou site yielded the results and discussion that are presented in this section.
The statistical parameters of wind speeds data
After loading the weather data of a site, the statistical parameters of wind speeds of this site were obtained. The parameters obtained for each site are: number of samples, minimum speed, maximum speed, average speed, standard deviations, flattening coefficients (kurtosis), the asymmetry coefficients (skewness), the variation coefficients and hybrid Weibull adjustment function parameters (K, C and F0).
The results for the three (03) studied sites, (Lomé site, Accra site, and Cotonou site) are presented. Table 1 shows the results of the calculated monthly and yearly statistical parameters of Lomé site.
The Lomé site
From the statistical results of Table 1 it was observed that:
 the minimum value of hourly wind speed was 0 m/s for all months of the year;  the maximum speed of 16 m/s was recorded during the month of April;  only the month of July, August, and September had an average speed greater than 4 m/s and the maximum monthly average speed of 4.666 m/s was recorded for the month of August;  the standard deviation values were between 1.780 (recorded during the month of December) and 2.161 (recorded during the month of March);  a maximum kurtosis of 2.679 was recorded for the month of May and minimum kurtosis of 2.267 for the month of February;  the speeds series of July and August presented lower coefficients of asymmetry (skewness) whereas a strong dissymmetry was recorded during the month of May;  most variation coefficients (except for the months of July, August, and September) are greater than 0.5 which is the turbulence threshold.
Consequently, it can be observed, from Table 1 , that the Lomé site had a low and turbulent wind conditions. According to the Pacific Northwest National Laboratory (PNNL) classification system (Keyhani et al., 2010) Lomé site with annual mean wind speed value of 3.520 m/s fall outside of the category if based on the year round wind speed. This means that under the current wind turbine technology, this area may not be suitable for year round large-scale electricity generation due to the cost factor. However for small-scale applications, and in the long run with the development of wind turbine technology, the utilization of wind energy is still promising. Table 2 presents the results of the calculation of monthly and yearly statistical parameters of Accra site.
The Accra site
The following observations and comments can be made from the statistical results of Table 2: 1. the minimum value of hourly wind speed was 0 m/s for all months of the year; 2. the maximum speed of 21 m/s was recorded during the month of July; 3. the month of August presented an average speed greater than 5 m/s; 4. the standard deviation values were between 1.994 (recorded during the month of December) and 2.359 (recorded during the month of April); 5. a maximum kurtosis of 3.885 was recorded for the month of January and a minimum of 2.267 for the month of February; 6. the speeds series of the months of September and August had the lower coefficients of asymmetry (skewness) whereas a strong dissymmetry were recorded during the month of January; 7. most variation coefficients were greater than 0.5 which is the turbulence threshold.
Based on previous observations from Table 2 , it can be said that the Accra site presented turbulent wind conditions. According to the Pacific Northwest National Laboratory (PNNL) classification system (Keyhani et al., 2010) , Accra site with annual mean wind speed value of 4.160 m/s fall outside of the category if based on the year round wind speed. This means that under the current wind turbine technology, this area may not be suitable for year round large-scale electricity generation due to the cost factor. However for small-scale applications, and in the long run with the development of wind turbine technology, the utilization of wind energy is still promising. Table 3 shows the results of the calculation of monthly and yearly statistical parameters of the Cotonou site.
The Cotonou site
For the Cotonou site, the following observations and comments can be made from the statistical results of  most variation coefficients were smaller than 0.5 (the turbulence threshold). Based on the observations from Table 3 , it can be said that turbulent wind conditions prevailed on the Cotonou site. According to the Pacific Northwest National Laboratory (PNNL) classification system (Keyhani et al., 2010) , Cotonou site with annual mean wind speed value of 3.993 m/s fall outside of the category if based on the year round wind speed. This means that under the current wind turbine technology, this area may not be suitable for year round large-scale electricity generation due to the cost factor. However for small-scale applications, and in the long run with the development of wind turbine technology, the utilization of wind energy is still promising.
Evaluation of wind energy potential
The assessment of wind energy potential is accurate if the wind characteristics used are determined under optimum conditions. An optimal choice of wind turbines parameters on a site, should take it into consideration the height of the wind generator since the wind farm potential is a function of the height.
Changes in available power densities and recoverable depending on the height of the tower
Densities of recoverable and available powers on a monthly scale were calculated for different towers From the histograms of Figures 5, 6 and 7, we found that the recoverable power densities on the Lomé site increased with the tower height. Additionally, the month of August had the highest power density available and January had the smallest. The minimum and maximum power densities available on a monthly scale on the Lomé site for different heights are respectively about:
1. ~34 W/m 2 and ~112 W/m 2 for a tower height of 10 m; 2. ~58 W/m 2 and ~179 W/m 2 for a tower height of 30 m; 3. ~73 W/m 2 and ~217 W/m 2 for a tower height of 50 m. The Accra site is windier than the Lomé site. The minimum and maximum power densities available on a monthly scale on the Lomé site for different heights are respectively about (see m tower. Table 4 shows the power densities available and recoverable on the three sites at a height of 50 m above the ground.
It can be noted that there was an uneven distribution of recoverable power densities on a monthly scale at the three sites, which was due to seasonal effects. Yu and Qu (2010) noted that sites of good or excellent resource potential, with the wind power density above 400 W/m 2 or even reach 800 W/m 2 at a height of 50 m, and wind speed more than 7.0 m/s, are suitable candidates to locate the wind power plants. According to (Yu et al. (2010) ) the three sites are not suitable for large-scale electric wind application. But, small-scale wind turbines could be good option for Lomé, Accra and Cotonou sites in order to supply power for lightings, electric fans, chargers and air conditioning units for small houses like proposed by (Mostafaeipour et al. (2011) ) for Shahrbabak city in Iran.
Optimal choice of the parameters of the wind turbine
To show the importance of a wind turbine design, we randomly chose in a database with a non-exhaustive list of commercial wind turbines one wind turbine. A wind turbine chosen is a wind turbine from the Manufacturer AUROVILLE ENERGY PRODUCT, INDIA (rated power = 5 kW, nominal speed = 14 m/s, and starting speed = 3.3 m/s) which we named in this study "wind turbine A". Thus, we could compare the load factors and average power produced by wind turbine which is the wind turbine adapted to the site with those produced by a wind turbine ("wind turbine A") we are randomly chosen.
The corresponding power curve of "wind turbine A" selected is given in Figure 14 .
In Figure 14 , it can be seen that the curve of the adjustment function which characterizes the production of the wind turbine in the starting speed range and and a correlation coefficient R 2 of 0.9. Therefore from Equation (8), we can express the model of the energy power curve of this wind turbine by Equation (16): For the optimal choice of wind turbines parameters on the three sites, the height of the towers was set to 50 meters above the ground. From the wind data at 10 m above ground at the site, the PotEol software determined the hybrid Weibull monthly and yearly scale parameters at a height of 50 m above the ground and graphed the normalized average power curves produced by different types of wind turbines (Figure 3 ) using Equation (13).
In this study, we used normalized average powers produced curve. This curve corresponded to a range of wind turbines with a rated speed The "wind turbine A" on the Lomé site produces an annual average power density of 32.485 W/m 2 , with an efficiency of 43.729% from the Betz limit and a low load factor of 12.757% against an average power density of 46.212 W/m 2 , 62.208% efficiency from the Betz limit, with a load factor of 26.618% for the "wind turbine B".
The "wind turbine A" on the site of Accra produces an annual average power density of 45.152 W/m 2 , with an of 41.011% from the Betz limit and a low load factor of 17.731% against an average power density of 67.613 W/m 2 , a yield of 61.413% from the Betz limit, with a load factor of 24.816% for the "wind turbine C";
The "wind turbine A" on the site of Cotonou produces an annual average power density of 38.863 W/m 2 , with an efficiency of 43.099% from the Betz limit and a low load factor of 15.211% against an average power density of 56.230 W/m 2 with an efficiency of 62.359% from the Betz limit and a load factor of 32.956% for the "wind turbine D".
From simulation results, we can conclude that "wind turbine A" which is randomly selected is not adapted to the three sites, because its efficiencies from the Betz limit were smaller than 50%. The optimal wind turbines obtained for Lomé site ("wind turbine B"), for Accra site ("wind turbine C") and for Cotonou site ("wind turbine D"), have efficiency from the Betz limit higher than 50%. Optimal wind turbines with rated speeds around 8 m/s to 10 m/s (small size wind turbines) confirmed that the three sites have poor wind resource potential. This study indicates that small wind turbine projects at the three sites are feasible (Mostafaeipour A. et al., 2011) . 
Conclusion
The current investment in wind power operation is quite expensive compared to conventional energy sources, with the risk of no return on investment. It is therefore imperative to conduct extensive feasibility studies before the establishment of a wind farm. In this regard, we have characterized and assessed the wind energy potential, and studied the optimal choice of wind turbines for annual and monthly scales of the Lomé site, Accra site and Cotonou site located in the Gulf of Guinea.
We evaluated the wind potential at the annual and monthly scale for the sites of the Lomé site, Accra site and Cotonou site located in the Gulf of Guinea. The results showed that these three sites have in general a low wind potential. Also from our study we found that the monthly distribution of the wind on the three sites is not uniform. Thus the months of February, March, April, July, August and September are recommended over other months, for a more profitable operation of the wind farm energy on the three sites. Given the low energy potential on the three sites, wind turbines with low rated speeds of approximately 8 m/s to 9 m/s on the Lomé site and Cotonou site, and around 9 m/s to 10 m/s on the Accra site would be most appropriate for optimum exploitation of electric energy from wind farms on these sites from a height of 50 m above the ground.
